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Abstract

Chemotherapy-induced sensorimator disabilities, including gait and balance disorders, as well as
physical fatigue often persist for months and sometimes years into disease free survival from
cancer. While associated with impaired sensory function, chronic sensorimotor disorders might
also depend on chemotherapy-induced defects in other neuron types. In this report, we extend
consideration to motoneurons, which, if chronically impaired, would necessarily degrade
movement behavior. The present study was undertaken to determine whether motoneurons qualify
as candidate contributors to chronic sensorimotor disability independently from sensory
impairment. We tested this possibility 77 vivo from rats 5 weeks following human-scaled treatment
with one of the platinum-based compounds, oxaliplatin, widely used in chemotherapy for a variety
of cancers. Action potential firing of spinal motoneurons responding to different fixed levels of
electrode-current injection was measured in order to assess the neurons’ intrinsic capacity for
stimulus encoding. The encoding of stimulus duration and intensity corroborated in untreated
control rats was severely degraded in oxaliplatin treated rats, in which motoneurons invariably
exhibited erratic firing that was unsustained, unpredictabl e from one stimulus trial to the next, and
unresponsive to changes in current strength. Direct measurements of interspike oscillations in
membrane voltage combined with computer modeling pointed to aberrations in subthreshold
conductances as a plausible contributor to impaired firing behavior. These findings authenticate
impaired spike encoding as a candidate contributor to, in the case of motoneurons, deficits in
mobility and fatigue. Aberrant firing also becomes a deficit worthy of testing in other CNS
neurons as a potential contributor to perceptual and cognitive disorders induced by chemotherapy
in patients.
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Introduction

Sensorimotor disabilities induced by chemotherapy often persist months and sometimes
years into disease free survival from cancer 1-3. Disabilities include gait and balance
disorders, as well as physical fatigue among other patient complaints related to movement
46, Independent of the potential contributions of neurodegeneration, our preclinical studies
of a common-use anticancer platinum-based compound, oxaliplatin (OX) reveal defects in
sensory signaling’-9. While associated with impaired sensory function, chronic movement
disorders might also depend on OX-induced defects in other neuron types. In this report, we
extend consideration to motoneurons'9, which, if chronically impaired, would necessarily
degrade movement behavior.

Motoneurons demonstrate susceptibility to OX effects, as do primary sensory neuronstl, by
firing spontaneously during and for several hours following acute administration of OX12-15,
For sensory neurons, these early acute affects transition over time from exaggerated to
reduced activity, consistent with the decline in sensorimotor function’=9. Whether changes in
motoneurons follow a similar time course is unknown, or indeed, whether motoneurons
express any abnormality that persists chronically within the intact central nervous system of
living animals following a full treatment course of chemotherapy. This gap in knowledge
impedes mechanistic understanding needed to develop effective rehabilitation, since
addressing sensory defects will prove insufficient to restore sensorimotor function if
motoneurons are also impaired.

The present study was undertaken to determine whether motoneurons qualify as candidate
contributors to chronic sensorimotor disability independently from sensory impairment. Rats
were studied five weeks after receiving a human-scaled dose of one of the platinum-based
compounds, oxaliplatin (OX), used in 50% of all adjuvant treatment of cancer worldwide.
By taking advantage of the experimental access to the spike encoding elements of a-
motoneurons within the intact spinal cord of living animals, we provide the first evidence
that chemotherapy chronically and severely impairs the intrinsic capacity of motoneurons to
regulate firing responses, which were erratic, unpredictable and generally suppressed. Since
motoneuron firing plays a deterministic role in translating CNS motor commands into
muscle contraction, these firing deficits would necessarily produce movement disorders and
fatigue of the sort experienced by cancer survivors during the so-called coasting period when
patient symptoms continue or even worsen. Our findings also raise the possibility that
disabilities in perception and cognition might result from chemotherapy-induced defects in
the central integrative properties of other CNS neuron types.
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All procedures and experiments were approved by the Georgia Institute of Technology
Institutional Animal Care and Use Committee or the Wright State University Laboratory
Animal Care and Use Committee. Adult female rats (250-3509) were studied in terminal
experiments only and were not subject to any other experimental procedures. All animals
were housed in clean cages and provided food and water ad libitum in a temperature- and
light-controlled environment.

Chemotherapy treatment

Oxaliplatin (OX) was injected i.p. once a week (10mg/Kg, 1 ml 5% dextrose in DMSO ) to
achieve a cumulative dose of 70 mg/Kg over 7 weeks (Fig. 1a), which scales to a human
dose of 420mg/m? (conversion based on rat body surface area and Kp,= 6)16:17. This dose
minimizes nerve degeneration in patients!8-1°, Throughout treatment, rats were frequently
monitored for pain or distress &. No individual rat reached set criteria established for early
removal from the study.

In Vivo Surgical Procedures and Intracellular Recordings

Terminal /n vivo experiments were performed 5 weeks after achieving clinically relevant
chemotherapy doses8:. Experiments were designed to measure the electrical properties and
firing characteristics of individual motoneurons /n vivo. Surgical and recording techniques
used in these studies have been described in previously published reports from this
laboratory?:20-23,

Briefly, data were collected from medial gastrocnemius motoneurons (MG) in rats
anesthetized by inhalation of isoflurane (1.2-1.5% mixed in 100% O2) and fixed in a rigid
recording frame. Properties of MG were measured by intracellular recording with glass
microelectrodes (K-acetate, 5-10 MQ). Microelectrodes were advanced through the dorsal
spinal cord until antidromic APs, generated by electrical stimulation of the medial
gastrocnemius nerve (0.04-ms pulses, 1 Hz), were identified in the microelectrode voltage
records. All recordings were performed using an Axoprobe 1A (Sunnyvale, CA) amplifier in
either bridge or DCC mode. APs were initiated in MG motoneurons by injecting
suprathreshold depolarizing current (square pulses lasting =100 ms) directly into
motoneuron soma within the spinal cord. Intracellular measures were recorded or derived to
characterized the intrinsic excitability of MG motoneuron: a series of antidromic action
potentials (APSs), a series of 50-ms current pulses of different amplitude to determine
rheobase, a series of 1-ms, suprathreshold current pulses were applied to elicit direct APs
and afterhyperpolarizations (AHPs), followed by a series of £5 nA, 500-ms current steps to
measure input resistance. Motoneuron firing rates in response to microelectrode current
injection were used to measure the gain of the motoneuron frequency-current relation (f-1
slope)?4. Repetitive firing during 5-s pulses was assessed at several different levels of
current. These parameters reflect the translation of current into firing rates by motoneurons
and are standard indices of the intrinsic excitability of motoneurons. Respiratory and cardiac
movement artifact of the rats sometimes made it difficult to maintain stable somatic
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penetrations. Therefore, a paralytic agent (pancuronium bromide) was occasionally
administered intraperitoneally, and paralysis was maintained throughout the experiment.

Bayesian data analysis

Statistical techniques used in these studies have been described in a previously published
report from this laboratory2®. Briefly, analyses focused on motoneuron spiking probability,
firing characteristics, and rate-modulation for both OX and control groups. Because of
inconsistent spiking behavior in OX motoneurons, all analyses utilized 20ms temporal bins
in order to effectively characterize extended periods without spiking activity. Traditional
analyses focused on interspike intervals underestimate information loss by counting these
periods as one event whereas control motoneurons frequently had many tens or hundreds of
events. Applying this approach to control motoneuron populations reproduces the expected
behavior seen previously in multiple reports, giving confidence in its validity26-2°. We
employed Bayesian models to compute parameters in order to explicitly test our working
hypothesis that OX chronically impairs motor unit function. We empirically derived the full
joint posterior probability distributions of model parameters simultaneously and directly
examined the posterior distributions39-32 imparting noteworthy advantages over frequentist
analysis31-33, Bayesian inference was performed by inspecting the highest density interval
(HDI), such that values inside the 95% of the HDI are more credible than outside values33.

HDI was used to make unbiased decisions on parameter values. All models were developed
in fully Bayesian framework with the rstanarm package (2.18.1)34 in the R environment
(3.5.0)%. For intercepts and predictors, we use Student’s #distribution with mean zero and
four degrees of freedom as the prior distribution. The scale of the prior distribution is 10 for
the intercept and 2.5 for the predictors. Each model was run with four independent chains
for 1,000 warm-up and 4,000 sampling steps. For all parameters, the number of effective
samples was >500. Convergence was assessed and assumed to have reached the stationary
distribution by ensuring that the Gelman—Rubin shrinkage statistic for all reported
parameters was <1.0536. We report the expected mean parameter values alongside 95%
credible intervals using (HDI).

In Silico Motoneuron Experiments

We used a single compartment model of a rat motor neuron implemented in NEURON 7.6 to
simulate the behavior of motoneurons from control animals and those treated with OX. The
model was similar to those described in Golomb et al. (2007)37 and Sciamanna and Wilson
(2011)38, in that the critical components controlling the pattern of discharge were a slowly-
inactivating, low threshold Kv1 current, a fast Na current that included a variable persistent
component and a small amount of noise3°. The model also contained a delayed rectifier K
current responsible for AP repolarization, a calcium-activated K current responsible for the
afterhyperpolarization, a hyperpolarization-activated mixed cation current and a leak
conductance. Details of the model will be made available on the MODELDB website
(https://senselab.med.yale.edu/ModelDB/). In our model, the Hodgkin-Huxley-type Na
model used by Golomb et al. (2007)37 and Sciamanna and Wilson(2011) 38 was replaced by
a ten-state kinetic gating model adapted from the eight-state model described by Schmidt-
Hieber and Bischofberger (2010)*0 by adding two slow inactivated states; one entered from
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the open state and one from a fast-inactivated state. Variations in the amount of persistent Na
current (i.e., the proportion of channels in the open state under steady-state conditions) were
produced either by changing the rate at which channels entered the fast-inactivated states by
changing the voltage dependence of fast-inactivation (green arrows in Fig 1A) or by
changing the rate of entry into slow-inactivated states (red arrows in Fig 1A). Figure 1B — D
shows the effects of a 5 mV (blue) or 10 mV (green) hyperpolarizing shift in fast
inactivation or a doubling of the rate of entry into slow inactivated states (red) on the steady-
state voltage dependence of the proportion of channels in the open state (B), fast-inactivated
states (C) and slow inactivated states (D). In addition, we then systematically varied the
maximal Kv1 conductance along with the level of injected current to reveal regions in
parameter space associated with irregular firing (coefficients of variation of interspike
intervals (I1S1)> 0.2; values for motor neurons are typically <0.229. For a given combination
of conductance values we sampled a wide distribution of current levels (1nA apart) to best
validate model performance on the distribution of experimental recordings.

3. Results

3.1 Characterizing Erratic Firing

3.1.1. Chemotherapy Disrupts Repetitive Firing of Motoneurons—Effects of
chemotherapy on repetitive firing and other biophysical properties of motoneurons recorded
in vivo were tested by comparing data taken from control rats receiving no prior treatment
(n=5) and from OX rats (n = 6) studied 5 weeks after receiving a clinically relevant
cumulative dose of oxaliplatin (70mg/kg) (Methods). Figure 2A shows representative data
for one motoneuron from each group in response to 5 sec pulses of constant current injection
applied by current clamp. Control motoneurons (7/7) responded with repetitive firing that
was regular and consistently sustained throughout current injection as described in earlier
studies of motoneurons in control rats?1:22:26.29.4142 By contrast, all motoneurons (8/8)
sampled from OX rats, hereafter designated OX motoneurons, responded with erratic firing,
defined by APs occurring sporadically or in irregular bursts interrupted by varying durations
of no firing as represented by records from one OX motoneuron in Fig. 2A. The disorder
found for firing patterns within single 5 sec stimulus trials extended across replicate trials,
which exhibited different patterns of firing irregularity from one trial to the next.

The effect of chemotherapy was evident in pooled group comparisons of firing parameters
measured at matched current intensities (6—8 nA > rheobase current). In one comparison, a
hierarchical Bayesian binomial model was applied to empirically derive the probability
(posterior probability distribution) of an action potential occurrence compiled over 10 ms
bins spanning the duration of the 5 sec current pulses at matched current-injection trials for
control and OX motoneurons (see Methods). This analysis demonstrated a 5.875 fold
reduction (95%HDI: 5.7-6.05) in probability of AP occurrence in OX compared to control
motoneurons. Reduced firing probability resulted in a significant reduction in the number of
APs (Fig. 2B), which translated to a significant reduction in mean firing rates (Fig. 2C). To
characterize temporal irregularity in firing, we calculated the coefficient of variation in firing
rate, which revealed a 7-fold increase for OX as compared to control motoneurons (Fig. 2D).
In summary, OX motoneurons responded to stationary pulses of current injection with
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irregular firing that was unpredictable over both short- and long-time scales in striking
contrast to the steady and sustained firing responses of control motoneurons.

3.1.2. Chemotherapy Eliminates Firing Rate Modulation in Motoneurons—
Motoneurons were examined for their intrinsic capacity to modulate firing rate in response
to varying current intensities. A representative case for control motoneurons in Fig. 3
illustrates that firing rate increased together with current strength as expected?6:2941:43 Note
that inconsistent firing induced at the beginning of the trial (top trace) at the lowest current
strength (4 nA above rheobase current), was completely resolved at higher strengths. By
contrast, the firing exemplified for OX motoneurons in Fig. 3 shows little evidence of firing
rate modulation and a failure to achieve regular firing at all current strengths studied (up to
14 nA above rheobase current).

Typical of CNS neurons, motoneurons normally modulate firing frequency by integrating
synaptic current, or in response to artificial current injection employed in the present
study2®. The frequency-current (F-1) relationship received special attention here, because of
its critical role in controlling muscle force and movement*4. All control motoneurons
increased firing rate consistently across multiple trials of increasing current intensity (Fig. 3,
4A). The F-I1 relationship for the pooled sample of motoneurons was 3.46 (95%HDI: 3.44—
3.48) pulses per second (pps) per nA, similar to that reported in similar studies of rat
motoneurons2®. By contrast, OX motoneurons exhibited virtually no modulation of firing
rate in response to increasing current (Fig. 3, 4C).

Sparse evidence of a positive F-1 relation appeared in a few trials (Fig. 4D, motoneurons 2
and 7), but the high density of low firing rates across different current intensities for all OX
motoneurons (Fig. 4C, D) indicates the absence of rate modulation in most trials. Overall,
the F-1 relationship for pooled OX motoneurons was —0.09 (95%HDI: —0.11- —0.07) pps per
nA, indicating that OX blunted the capacity for motoneurons to modulate firing rate over 5
sec current trials. These results demonstrate that OX severely impairs a key regulator of
motoneuron input-output behavior.

3.2 Biophysical Measures in Relation to Erratic Firing

3.2.1. Chemotherapy Does Not Alter Characteristics of Single Antidromic
APs.—Passive properties of motoneurons (resting potential and input resistance) and the
characteristics of single antidromic APs were examined in attempt to advance mechanistic
insight into impaired firing. All properties listed in Table 1 for control motoneurons were
similar to those previously reported?1:22:26,27,29,41-43.45 and none were significantly
different for OX motoneurons. Specifically, neither resting membrane potential nor input
conductance showed differences suggestive of a treatment effect on K leak conductance or
reversal potential. Similarities in properties of antidromic APs suggested normalcy of
underlying mechanisms. Group comparison of maximum dV/dt for AP upstroke or
downstroke suggested no effect of OX on, respectively, Na or K channel density, voltage
dependence, and/or inactivation®®. By these measures of passive and active membrane
properties, neuronal excitability exhibited no chronic effect OX treatment. This conclusion is
further supported by group similarity of a holistic measure of excitability, namely AP current
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threshold, i.e. rheobase current. Preservation of relative recruitability has important
functional consequences as one of two primary determinants in controlling muscle force and
movement, with rate modulation being the other.

3.2.2. Sodium Channel Inactivation Does Not Predict Erratic Firing—The
apparently normal expression of Na channel inactivation observed for single action
potentials, does not rule out impairment in the dynamic behavior it exhibits during repetitive
firing as a possible contributor to abnormal firing in OX motoneurons. In support of this
possibility, Na channel inactivation has been linked to deficits in sustained firing in
pathological conditions, and is therefore a plausible candidate for erratic firing observed
with OX treatment. We reasoned that if Na channel inactivation contributes to defective
repetitive firing, then the degree of inactivation should be greatest prior to pauses in firing,
and relief of inactivation should occur prior to resumption of firing. We estimated the degree
of sodium channel inactivation by measuring the maximal rate of rise of action potentials
(dVv/dt#6:47) during repetitive firing in response to a 5s suprathreshold current step(Fig 5A—
B)*2. Analyses of OX motoneurons focused on APs just preceding pauses in firing and those
immediately following and several seconds after the resumption of firing (Fig 5B, grey and
dotted traces and arrows) in OX motoneurons (cf Figs. 5B and 5D) and action potentials
taken at regular intervals in control (Fig 5A-C). In comparison with APs preceding a pause,
ones occurring when repetitive firing resumed had significantly smaller values for dVv/dt
(Fig. 5Dq 210 * 14 vs. 243 + 14 mV/ms; 95% HDI do not cross) and amplitude (48.9 £ 2.9
vs. 55.1 £ 2.5 mV; 95% HDI do not cross) as compared to control (Fig. 5Cq). In other
words, AP dV/dt, and inferred Na inactivation did not predict either the stop or restart of
repetitive firing in OX motoneurons. Consistent with the independence of erratic firing
behavior from dV/dt, Fig. 5F shows dissimilar firing patterns across increase levels of
current injection occurring together with relatively little change in dV/dt, possibly because
moderate firing rates were not sustained. By contrast, control motoneurons were able to
sustain firing at high rates despite relatively lower AP dv/dt at higher levels of current
injection (Fig. 5E).

3.2.3. Abnormalities in Subthreshold Behavior During Repetitive Firing—
Given the lack of changes in either motoneuron electrical properties or characteristics of
single antidromic APs, we considered the possibility that subthreshold currents responsible
for the approach to AP threshold in repetitive firing might be the underlying biophysical
mechanism perturbed by OX. Examination of the interspike membrane voltages revealed
high-frequency (>100Hz) oscillations associated with erratic firing (Fig. 6A) as opposed to
the smooth, predictable approaches observed in control motoneurons during regular firing
(Fig. 6A). Membrane oscillations were observed both independently of and immediately
preceding the resumption of repetitive firing. Analyses of the approach to AP threshold
revealed that resumption of firing was consistently preceded by pre-spike hyperpolarizing
events (Fig. 6A arrows). Membrane voltages approaching spike threshold were spike-
triggered average over all APs in a 5 second trial for all control and OX motoneurons. In
contrast with control motoneurons, the rate of depolarization was significantly slower and
interrupted by a discreet, transient hyperpolarization just before action potential onset, i.e. a
pre-spike hyperpolarization (Fig. 6B—C: 95%HDI do not cross).
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Oscillations in membrane potential during firing have been suggested to be due to the
competing influence of inward and outward currents mediated by fast, voltage-dependent
currents that are activated in the subthreshold range3’. Subthreshold currents determine
whether the motoneuron will reach AP threshold, such that oscillations may indicate
dysregulation of the currents responsible for repetitive firing. Both Na* and CaV1.3-type
calcium channels contribute to a low-threshold persistent inward current (PIC) in
motoneurons; however, the kinetics of the CaPIC appear too slow to be responsible for the
fast oscillations identified in OX motoneurons. This left the persistent inward component of
the Na current (NaPIC) and low threshold Kv1-type potassium currents as the most likely
candidates?848, We hypothesized that erratic firing emerges from a reduction in the ratio of
inward to outward currents (NaPIC/Kv1 ratio) and associated oscillations that introduce
inconsistency in reaching AP threshold. Imbalances in subthreshold currents are held
responsible for membrane oscillations in a number of different neurons, including
motoneurons21:49,

3.3 Modeling Intrinsic Encoding Mechanisms Underlying Erratic Firing

3.3.1. Modulation of Subthreshold Kinetics Reproduces Erratic Firing.—To
test this hypothesis, we constructed a model of spike encoding by rat motoneurons in silico
to determine whether altering the NaPIC/Kv1 ratio was sufficient to reproduce unpredictable
firing present in OX motoneurons. Figure 7 shows that the qualitative behavior of the model
matched certain features of the experimental data, i.e., low firing rate variability for the
control simulation and irregular stuttering firing over a range of injected current levels for
the OX simulation. Figure 8 provides a more quantitative assessment of the relation between
injected current level and mean firing rate and interspike interval variability (coefficient of
variation, CoV) for the experimental (A and B) and simulated (C - F) data. The control
simulation (Fig. 8C) reproduced experimental firing behaviors over a large range of injected
current levels, i.e., a transient increase in CoV just above rheobase and subsequent reduction
thereafter and monotonic increase in firing rate. We then modelled OX motoneurons by
systematically altering the NaPIC/Kv1 ratio which reproduced erratic firing that was not
completely rescued by increasing excitatory drive (Fig. 8B). Comparison of model derived
ISI CoV to those observed experimentally revealed both increase rapidly above rheobase and
remain elevated, although experimental data were approximately two- to three-fold larger.
Nonetheless, modelled firing rates increased monotonically with the level of injected
current, in contrast to the experimental data (see Fig. 4B and 8B). By tuning both Kv1 and
NaPIC conductances, we determined that altered firing rates observed in OX motoneurons
were reproduced over a range of lower (0.006 S/cm2: Figure 9E) and higher (0.008 S/cm2:
Fig. 8F) Kv1 conductances. At low Kv1 conductances, a hyperpolarizing shift in the
inactivation curve of NaPIC by either 5 (blue) or 10 mV (green) lead to the CoV recovery at
higher injected currents (Fig. 8E), whereas these alterations had little effect at high Kv1
conductances (Fig. 8F). However, at these higher simulated levels of Kv1 model
motoneurons failed to generate more than one spike until injected current levels were 5 — 12
nA above the rheobase value (9-10 nA in the OX simulations), in contrast to the
experimental OX data.
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3.3.2. Modeling Effects of Subthreshold Kinetics on Spike Encoding—We then
tested whether altering the NaPI1C/Kv1 ratio was sufficient to reproduce erratic subthreshold
kinetics present in OX motoneurons. Voltage records from simulated motoneuron
reproduced the two main features observed experimentally: subthreshold oscillations in
membrane potential and amplified pre-spike hyperpolarization (Fig. 9A). We then analyzed
the average membrane voltages approaching spike threshold (spike -riggered average) over
all spikes in a 5 second trial from simulated control and OX motoneurons. We found a
remarkable degree of concordance with averages obtained from the experimental data (Fig.
6). Collectively, the results of computer simulations indicate that a reduction in the
NaPIC/Kv1 ratio is sufficient to reproduce many of the features of the defects in motoneuron
repetitive firing present following OX treatment and suggest this as one candidate
biophysical mechanism that may be directly or indirectly targeted by OX.

Discussion

Biophysical

Here we present the first evidence that chemotherapy chronically impairs firing behavior in a
class of neurons within the intact central nervous system of a living mammal. For spinal
motoneurons, we found that repetitive firing was unsustainable and unpredictable in rats five
weeks following a human-scaled treatment course of OX. The firing defects originated in the
motoneurons’ central integrative components responsible for spike encoding, and direct
measurement coupled with computer simulations identified an imbalance of subthreshold
currents as a candidate mechanism. For motoneurons, erratic firing would unavoidably
generate movement disorders, e.g. clumsiness and fatigue, experienced by patients following
chemotherapy with OX and other anticancer compounds®3. If expressed more generally
across other types of CNS neurons, defects in the central integrative properties that encode
action potential firing becomes a likely source of a broader set of patient symptoms induced
by chemotherapy, including disorders in movement as well as in perception and cognition.

mechanism(s) underlying erratic firing

Repetitive firing in neurons can be elicited either by steady depolarizing synaptic input or by
injected current. The relation between excitatory input and firing is governed not only by the
currents underlying the action potentials and afterpotentials but also by those that are active
at membrane potentials more negative than action potential threshold (subthreshold
currents). These subthreshold currents consist of both non-voltage gated (leak) currents and
voltage-gated currents. It has been suggested that both subthreshold depolarizing and
subthreshold hyperpolarizing current interact to cause the oscillations in membrane potential
that can accompany irregular or bursting discharge in neurons in response to current
injection37:38.5051 ' High-frequency oscillations of the type seen in the present experiments
and previous descriptions of septic motoneurons21:22:52 and mouse motoneurons®! require
subthreshold currents with rapid kinetics (time constants < 5 ms). The most likely
depolarizing and hyperpolarizing conductances contributing to oscillations and irregular
firing are the NaPIC and Kv1 potassium channels. Both NaPIC and Kv1 are first activated
below threshold and have rapid kinetics. Low NaPIC/Kv1 ratios are expected to lead to
irregular firing whereas high ratios are thought to underlie more regular discharge. Both
simulation3” and experimental results®3 suggest that reductions in NaPIC can disrupt steady
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repetitive firing. Conversely, block of Kv1 currents can convert irregular to regular
discharge38:50,

We hypothesized that the defect in repetitive firing in motor neurons from OX rats was due
to reduction in the NaPIC/Kv1 ratio. This possibility was explored using computer
simulation. When the NaPIC/Kv1 ratio is high, simulation produced rapid depolarization
toward action potential threshold and a high F-I gain (a high firing rate for a given current
injection) and stable firing without pauses. When the ratio was low there was inconsistent
repetitive firing at lower rates and the f-1 gain was reduced. However, we were not able to
reproduce the near complete loss of the f-1 relationship in OX neurons. Similarly, other
simulation work suggests that alterations in NaPIC/Kv1 ratio alone are only able to disrupt
regular firing over a narrow range of current strengths37:51, This suggests that additional
abnormalities, yet to be determined, contribute to the disruption of repetitive firing.

In this study we did not directly test the mechanisms suggested by modelling for their
relevance to defects in repetitive firing measured /n vivo. However, in previous studies of
sepsis, we found similar defects in repetitive firing to those reported here, consisting of
subthreshold oscillations in membrane potentials, pauses in repetitive firing and reduced F-I
gain?1:22:42 |n septic motoneurons we applied dynamic clamp to increase the ratio of
depolarizing to hyperpolarizing subthreshold current and this was sufficient to normalize
repetitive firing?l. Conversely, reducing the ratio, could cause the septic pattern of firing in
motor neurons from healthy rats?l. These data demonstrated that reduction in the ratio of
depolarizing to hyperpolarizing subthreshold currents was sufficient to explain the defect in
firing of motoneurons.

Origins of Chronic Defects in Motoneuron Firing

The incipient event(s) in chemotherapy induction of motoneuron firing defects is(are) yet to
be determined, but several possibilities bear consideration. Direct chemotoxic damage of
spike encoding mechanisms within the central nervous system stands as a plausible initiator
of motoneuron firing defects. There is ample experimental evidence that contact with
anticancer agents, including platinum-based compounds have acute neurotoxic effects that
change the excitability of neurons®*. Direct exposure to OX is known to impair neuron ion
channels, including NaV1.6%° and Kv16:57 which are present in motoneurons®8 and
identified in our simulations for their potential to produce the observed firing defects.
Neurons extracted from the CNS and studied /n vitro exhibit a variety of biophysical
changes underlying increased excitability and firing when anticancer compounds are infused
in the medium®9:80, Within the CNS, the integrative components, i.e. dendrites, soma, and
axon initial segment of motoneurons may encounter platinum-based compounds, which
cross the blood brain barrier despite limited permeability to reach low, but finite
concentrations in CNS61-64 and in cerebral spinal fluid of patients after a single systemic
administration®2:63.65 preclinical study shows that comparably low doses of OX introduced
into the CNS have significant effects on neuronal excitability®?:6%, Through direct
chemotoxicity, spike encoding defects might reasonably emerge then as platinum
concentrations accumulate and persist, because OX may be retained for many years®®.
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If not by direct chemotoxicity, then defective spike encoding might be triggered by diverse
indirect mechanisms. The possibility of indirect effects gains attention under chronic
conditions in patients and in the present studies, wherein complex sequalae and adaptations
have time to develop. Motoneurons and other CNS neurons, including trigeminal,
geniculate, and preganglionic sympathetic neurons are vulnerable to chemotoxic exposure
by extending axons into the periphery where OX concentrations are highest. Through this
route, OX might impair a neuron’s central spike encoding mechanisms secondarily in
response either to axonal transport of OX into the CNS or to the metabolic and structural
damage to peripheral axons that is caused by OX87:68 as it is by disease, e.g. ALS or other
neurotoxic compounds used in chemotherapy, e.g. 8971, Present findings may appear to
challenge the latter possibility, because, consistent with studies of human subjects’2, motor
axons sampled here exhibited no detectable abnormality in excitability or action potential
long after OX treatment is discontinued. However, OX effects on motor axons are plainly
demonstrated by spontaneous firing of motor units recorded within hours after its
administration2-15, This early hyperactivity might reflect chemotoxic interaction with
axonal ion channels’3, or it may be related to upregulation of early immediate genes as
observed acutely for cultured motoneurons bathed in the chemotherapeutic compound
camptothecin’4. Regardless of mechanism, transient acute hyperactivity may have the
capacity to set into motion mechanisms, including homeostatic compensation mechanisms,
which, if dysregulated as proposed for motoneurons in ALS”>~77, could over-compensate to
produce the hypo-excitability observed here. Finally, global systemic effects of OX comprise
a broad category of candidates capable of inducing impaired spike encoding for neurons in
general. Systemic signaling pathways, e.g. oxidative and inflammatory are damaged or
activated in ways demonstrated to alter neuronal excitability (e.g. °#78-87), Chemotherapy is
also shown to influence global regulatory mechanisms capable of altering neural activity
through epigenetic control, e.g. increase H3 acetylation and decreased histone deacetylase
activity889, Thus, impaired firing behavior of motoneurons might be collateral damage
caused by a variety of cellular mechanisms, e.g. gene expression and post-translational
modifications, and regulatory networks, e.g. inflammatory and metabolic pathways, known
to have influence over neuronal excitability and behavior. Distinguishing these candidate
origins of defective motoneuron firing has potential to identify targets for preventing its
occurrence.

Functional Consequences

Erratic firing induced by chemotherapy in any class of CNS neuron has the potential to
cause serious consequences for behaviors generated by the neural networks in which they
are embedded. This is especially true for motoneurons, which are the final common pathway
for the neural commands evoking muscle force to produce movement. Motoneurons
normally execute their role by converting synaptic current into regular firing patterns which
set the magnitude, stability, and duration of muscle contraction. As a result of
chemotherapy-induced impairment to the intrinsic properties of repetitive firing,
motoneurons cannot execute this role. Moreover, it’s improbable that any adjustment in
presynaptic input could compensate, because motoneuron firing pattern and duration varied
unpredictably form one stimulus trial to the next. Motoneuron firing that cannot be
predicted, sustained, or compensated would severely impair control of movement and might,
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therefore, contribute to the chronic disorders of posture, mobility and fatigue experienced by
patients treated with chemotherapy. Although no other class of CNS neuron has yet been
examined, our study identifies defective neuronal firing as a candidate mechanism
underlying impairment of associated neural networks and behaviors. For example, our
findings suggest defective firing of neurons in pre-frontal cortex as a possible mechanism
underlying the cognitive deficits comprising “chemo-brain” and associated alteration is
regional brain activity.
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Highlights
. Chemotherapy chronically impairs motoneuron repetitive firing.
. Deficits were restricted to intrinsic spike encoding properties contained in the
central nervous system.
. Motoneurons exhibit reduced firing probability, unpredictable firing

frequencies, and abolished control of firing-rate modulation

. Impaired balance in subthreshold NaPIC and Kv1 conductances exposed as
likely biophysical mechanism.

. Impaired motoneuron firing necessarily produces chronic movement disorders
and fatigue experienced by cancer survivors.
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Figure 1. In Silico Motoneuron Model.
(A) Shows the ten-state model Na channel model. The green vertical arrows represent

transitions to fast-inactivated states, whereas the red horizontal arrows represent transitions
to slow-inactivated states. IFT represents the total occupancy of all fast-inactivated states
whereas IST represents that of the slow-inactivated states. Shows the steady-state occupancy
of the open (B), fast-activated (C) and slow-inactivated states (D) as a function of membrane
voltage. The black lines represent the features of the standard model, the blue and green
lines represent changes in fast-inactivation process produced by hyperpolarizing the fast-
inactivation voltage-dependence by either 5 (blue) or 10 mV (green). The red lines represent
changes in state occupancy produced by doubling the rate at which slow-inactivated states
are entered. Note that the steady-state persistent Na current (open state occupancy) is nearly
identical for the 10mV shift in fast-inactivation and for the faster entry into the slow-
inactivated states. However, this state-state is reached at different rates in the two cases.
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Figure 2. Chemotherapy Disrupted Repetitive Firing of Motoneurons.
(A) Records show representative instantaneous firing rates (filled black circles: pulses per

second (pps)) superimposed on APs (grey lines: mV) recorded intracellularly from
motoneurons acquired in a rat after 5 weeks after clinically relevant chemotherapy treatment
(middle) and from a control rat (top) in response to matched depolarizing current injection
(bottom trace: nA). Box and whisker plots compare (B) the total number of APs, (C) mean
firing rate and (D) coefficient of variation in firing rate recorded for across all trials of 5
second depolarizing current injection in each treatment group. * indicates statistically
significant differences between experimental groups as empirically derived from hierarchical
Bayesian model (stan_glm): 95% highest density intervals do not overlap between
groupwise contrasts.
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Figure 3. Firing disrupted at All Current Strengths.
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Raster plots from representative control and OX motoneurons show firing responses to 5 sec
trials of 5 sec current clamp (bottom trace). Vertical lines represent the timing of APs as they
occur during each of the 5s trials aligned in rows of increasing depolarizing current from 4
to 14 nA above rheobase (current-rheobase). Selected motoneurons had comparable

rheobases (control 10nA and OX 9nA).
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Figure 4. Firing Rate Modulation Nearly Eliminated.
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(A and C) Two-dimensional plots (left) shows the population of control (A, n = 6) and
chemotherapy (C, n = 8) motoneuron’s capacity to modulate firing rate (frequency-current
relationship: F-1) in response to varying levels of depolarizing current above rheobase
(current-rheobase). Three-dimensional plot (right) highlights the density distribution of raw
data across all injected currents levels. Narrowing topographical lines in B and D and hotter
colors in A and C indicate higher density and correspond to higher peak values in plot to
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right. B and D show F-1 plots from individual motoneurons comprising control and
chemotherapy plots in A and C respectively.
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Figure 5. AP dV/dt not Predictive of Firing Cessation and Resumption.
(A and B) Instantaneous firing rate (filled black circles: pulses per second (pps))

superimposed on APs (grey lines: mV) recorded from (A) control and (E) OX motoneurons
during current clamp. (C and D) Scatter plots of dv/dt extracted from all APs illustrated in
records A and B, respectively. Insets show time-expanded APs superimposed and identified
by black, dotted and grey lines corresponding to their positions during repetitive firing
indicated, respectively, as black, open, and grey arrows in (A,B and C,D). (E and F) Traces
of firing rate (grey lines relative to left y axis) and dV/dt (black lines relative to right y axis)
for 6 trials each of increasing current (3-8 nA above rheobase current bottom traces on x
axis) for (E) one control and (F) one OX motoneuron.
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Figure 6. Subthreshold Membrane Potential Oscillations.
(A). Shows representative intracellular records of membrane potential for control (top: grey)

and OX (bottom: red) motoneurons in response to matched depolarizing current injection. In
record from OX motoneuron, dotted boxes outline prominent subthreshold oscillations and
arrows point to hyperpolarization immediately preceding AP, designated pre-spike
hyperpolarization. (B) Spike-triggered averages of membrane potential preceding all APs in
current-matched trials control and OX motoneurons illustrating pre-spike hyperpolarization.
(C) shows the observed (top) and predicted (middle) voltage slopes for the 15ms preceding
AP threshold along with the average amplitude in pre-AP hyperpolarization (bottom).
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Figure 7. Modulation of Subthreshold Kinetics Reproduces Erratic Firing.
Raster plots from simulated control and simulated OX motoneurons show firing responses to

depolarizing current that are analogous to experimentally observed data in Fig. 4. Vertical
lines represent the timing of action potentials as they occur during each of the 5s trials. Each
horizontal trace represents a single 5s trial as the depolarizing current is increased from 2 to
8nA above rheobase (current-rheobase). Control motoneuron firing behavior was modeled
with both a high level of NaPIC and a low level of Kv1 (0.002 S/cm2, bottom panel). OX
motoneuron firing was modelled by altering the level of Kv1 (0.006 S/cm2) and lowering
NaPIC. In this case, the decrease in NaPIC resulted from increased slow Na inactivation and
exhibited a stuttering firing pattern over a large range, from just a few nA above rheobase (I-
rheobase = 9 nA) up to 21 nA above rheobase (the highest current level tested).
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Figure 8. Erratic Firing in Conductance Parameter Space.
A and B show the average firing rates produced by a 5 sec injected current step (solid lines)

along with the coefficient of variation (CoV) of the interspike intervals (ISI: dotted lines) for
different levels of injected current for experimentally observed control (A) and OX data (B).
(C) Control motoneuron firing behavior was modeled with both a high level of Na current
and a low level of Kv1 (0.002 S/cm2). (D) OX motoneuron firing was modelled by
increasing the level of Kv1 (0.006 S/cm2) and the amount of slow inactivation. In this case,
the model had increased slow inactivation and exhibited a stuttering firing pattern of a large
range, from just a few nA above rheobase (I-rheobase = 9 nA) up to 21 nA above rheobase
(the highest current level tested) and qualitatively matched experimentally observed trends,
although rate modulation was blunted but largely preserved. E and F show the relationship
between CoV and firing rate over two fixed levels of Kv1 0.006 S/cm2 (E) and 0.008 S/cm2,
and for different levels of NaPIC: the standard level (black), decreased due to a 5 mV or 10
mV shift in fast inactivation (blue and green), and increased due to an increase in slow Na
inactivation. In all model configurations, the firing rate increased monotonically with the
level of injected current, in contrast to the experimental data (B).
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Figure 9. Modeling Subthreshold Oscillations and Pre-Spike Hyperpolarization.
(A). Intracellular voltage records from a simulated control and OX motoneuron. (B) Spike-

triggered average (STA) from entire 5s current injection trial shows the average membrane
voltage (mV) immediately preceding spiking for the control and OX simulation.
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Action potential and passive properties of motoneurons in control and chemotherapy rats.

Table 1.

Control OoX
Resting potential (mV)  73.16 + 1.18 73.64 251
Conductance (US) 0.53+0.15 0.65+0.25
AHP % decay (ms) 12.87 +1.08 10.62 +0.74
AHP amplitude (mV)  2.09+0.35 1.72+0.346
AP amplitude (mV) 79.43 +2.97 73.29 +2.19
AP width (ms) 0.415 + 0.016 0.378 £ 0.011
dV/dt max (mV/ms) 266.58 + 25.6 262.87 +125
dVv/dt min (mV/ms) -204.65 +14.7 -208.87 +13.7
Rheobase (nA) 10.57 +2.26 14.5+2.66

Page 28

Values are means + SE. Control, n = 7 motoneurons from 6 rats. Chemotherapy, n = 8 motoneurons from 5 rats. AHP: afterhyperpolarization, AP:
action potential. No statistically significant differences between experimental groups as empirically derived from hierarchical Bayesian model

(stan_glm).
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